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 Unmanned Cargo Spacecraft (UCS) systems involve exceedingly complex systems 
engineering and design in order to implement. UCS typically include a vast range of subsystems 
– Command and Data Handling (C&DH), Attitude Determination and Control System (ADCS), 
Propulsion, Guidance, Navigation, and Control (GNC), Communications, etc. – and demand the 
latest in autonomy technology. Additionally, they must account for numerous stakeholder 
interests, and those are interests that, in today’s climate, may change rapidly. Therefore, system 
adaptability to changing requirements plays a key role in results. Currently deployed UCS are 
highly functioning and pivotal to our space systems, particularly the International Space Station 
(ISS). It follows that life cycle considerations and costs must be a central objective to UCS system 
designs. Thus, using model-based systems engineering (MBSE) practices to develop an effective 
UCS systems engineering architecture will aid in UCS design and implementation iterations. 
 This thesis proposes such an architecture via first defining the System of Interest (SoI), 
including system scope, context, internal description, products, inputs, outputs, enablers, and 
limiters. It then expands upon the system architecture development using Concept of Operations 
(ConOps), function breakdown, Functional Flow Block Diagrams (FFBD), function timeline, N2 
diagrams, product analysis, and system interface analysis. Lastly, it sets the framework for all 
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CHAPTER 1: INTRODUCTION 
 
The precise definition of the domain of systems engineering, based on its prominent 
references, is not unanimous by any means; perhaps a reflection of its evolving and constantly-
updated nature. The systems engineering process, however, possesses a universally accepted sub-
process categorization that can be applied to all models. This categorization can be best described 
by the Department of Defense (DoD) systems engineering process overview, shown in Figure 1, 
as requirements analysis, functional analysis/allocation, and synthesis. The correct application and 
iteration of the aforementioned process categories can result in high quality, low cost outputs that 

























Figure 1: The Systems Engineering Process (DoD) 
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Among the other systems engineering processes, the NASA (National Aeronautics and 
Space Administration) Systems Engineering Handbook identifies the categories therein as system 
design, product realization, and technical management, with an emphasis on the end products of 
the “engine” (National Aeronautics and Space Administration, 2007). The International Council 
on Systems Engineering (INCOSE) defines three systems engineering process activities: enabling 
systems engineering, systems engineering support, and specialty engineering activities 
(International Council on Systems Engineering, 2006). The process outlined by Buede can be 
categorized into problem definition, architecture development, and system definition (Buede, 
2009). Wasson highlights the need to understand opportunity/problem and solution spaces, then 
develop the entity’s solution, and finally evaluate and optimize that solution (Wasson, 2006). 
Ultimately, the following collection of system engineering publications provide a basis for 
understanding the systems engineering process and its applications in practice: 
 (Hilton, D'Urso, & Wiener, Designer Systems of Systems: A Rational Integrated 
Approach of System Engineering to Tailored Aerodynamics, Aeroelasticity, Aero-
viscoelasticity, Stability, Control, Geometry, Materials, Structures, Propulsion, 
Performance, Sizing, Weight, Cost, 2016) 
 (Hilton & D'Urso, Designer Euler and Elastica Columns Subjected to Aerodynamic 
Loads - System Engineering of the Aeroelasticity of Wind Turbine Towers, 2013) 
 (Hilton & D'Urso, Designer Systems of Systems - A Rational Integrated Approach of 
System Engineering to Tailored Aerodynamics, Aeroelasticity, Stability, Control, 
Geometry, Materials, Structures, Propulsion, Performance, Sizing, Weight, Cost, 2013) 
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 (Hilton & D'Urso, Astro-elastic and astro-viscoelastic system engineering: optimum 
solar sail configurations based on astrodynamics, designer materials, sizing and 
geometry, 2014) 
 (Tsai, Chandha, D'Urso, & Hilton, 2016) 
By adhering to an accepted systems engineering process, one can develop a systems engineering 
architecture. 
The exact definition of a systems engineering architecture is fairly consistent between 
sources. Per INCOSE, it is “the arrangement of elements and subsystems and their functional 
allocation to meet system requirements” (International Council on Systems Engineering, 2006). 
According to Ulrich and Eppinger, it is “the arrangement of functional elements into physical 
blocks” (Ulrich & Eppinger, 2012). The objective of this is such: to develop the functional 
elements and subsystems into a design model with requirements such that the systems development 
life cycle is executed thoroughly. This development life cycle itself is best described using the V 
Model, shown in Figure 2. The architecture set by this thesis is meant to cover the bulk of the 
problem decomposition and definition life cycle processes, thus providing structure for subsequent 
detailed designs and implementation. 
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 The System of Interest (SoI) in this case is an Unmanned Cargo Spacecraft (UCS), 
belonging to the greater System of Systems (SoS) of a Space Cargo Transportation System 
(SCTS). The reason for this choice in SoI stems from current involvement by all major entities in 
the space industry. To name a few, the Russian Federal Space Agency developed the Progress 
spacecraft, the Japan Aerospace Exploration Agency developed H-II Transfer Vehicle, SpaceX 
developed Dragon, Orbital ATK developed Cygnus, and the China National Space Administration 
developed Tianzhou spacecraft – all of which are unmanned cargo spacecraft currently in 
operation. Additionally, the European Space Agency has recently retired its Automated Transfer 
Vehicle, while NASA recently awarded a contract to Sierra Nevada Corporation for Commercial 
Resupply Services. All aforementioned involvement in unmanned cargo spacecraft development 
can be traced back to the apparent advantages of this form of space activity; its importance and its 
demand. 
Figure 2: Development Life Cycle V Model (U.S. Department of Transportation, 2007) 
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CHAPTER 2: SYSTEM OF INTEREST DESCRIPTION 
 
2.1 SYSTEM SCOPE AND CONTEXT 
The physical scope of the unmanned cargo spacecraft (UCS) is defined by the physical 
boundaries of its subsystems and components up to and including its interfaces. The physical 
subsystems include: 
 Power System 
 Aerodynamics and Stability 
 Structures 
 Command and Data Handling (C&DH) 
 Attitude Determination and Control System (ADCS) 
 Guidance, Navigation, and Control (GNC) 
 Thermal Control System 
 Mechanisms 
 Propulsion System 
 Communication System 
It should be noted that the scope of the spacecraft does not include: 
 Spacecraft support 
 Cargo 
 Docking space station 
 Launch center 




Figure 3: System context diagram for the Unmanned Cargo Spacecraft. 
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The UCS does, however, interact with the docking space station, launch center, and 
Navigation and Communication System (NCS) as per the Space Cargo Transportation System 
(SCTS). Figure 3 demonstrates the aforementioned scope of the system of interest via system 
context diagram. 
External to the SCTS, there exist multiple essential systems that interact with it. They 
include: 
 Cargo 
 Space environment 
 Earth atmosphere environment 
 Ground cargo transportation system 
 Sea cargo transportation system 
 Air cargo transportation system 
 
2.2 INTERNAL SYSTEM DESCRIPTION 
Table 1 summarizes the attributes, capabilities and performance measures (with 
appropriate units) for the relevant subsystems on board the UCS. 
 
Table 1 (cont.) 
Attributes Capabilities Performance measures 
Cargo Capacity 
Transport a large amount of cargo 
per trip 
Mass of cargo [kg] 
Volume of cargo [m3] 
Cargo Support 
Protect the cargo against space 
radiation 
Radiation absorbed in one trip 
within cargo compartment [krad] 
Maintain thermal conditions suitable 
for cargo 
Temperature gradient within cargo 
compartment [K/m] 
able 1: Table of attributes, capabilities, and performance measures for the UCS subsystems. 
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Table 1 (cont.) 
Attributes Capabilities Performance measures 
Temperature within cargo 
compartment [K] 
Preserve  and protect the cargo 
physically 
Thickness of structure surrounding 
cargo compartment [m] 
Cargo displacement upon a trip’s 
worth of impact forces and 
vibrations [m] 
Propulsion 
Provide sufficient force via 
propulsion system to reach Space 
station quickly and efficiently 
Thrust produced by launch vehicle 
[kN] 
Propellant required for one trip [kg] 
Travel time to LEO [hr] 
Propellant specific impulse (Isp) [s] 
Perform orbit maintenance and 
maneuvers in order to efficiently 
follow desired trajectory 
Trajectory error [m] 
Velocity error [m/s, %] 
Propellant used [kg, % of total] 
Thruster force [N] 
Maneuver and perform proximity 
operations in order to berth with 
Space station 
Berthing impact force [N] 
Berthing impact velocity [m/s] 
Power 
Provision 
Provide sufficient power to operate 
all UCS subsystems 
Power stored [W] 
Produce sufficient power to operate 
all UCS subsystems with some 
contingency 
Power produced [W] 
GNC 
Provide accurate orbital knowledge 
such that an optimal trajectory may 
be generated and followed 
autonomously 
1σ accuracy of position data [m] 
1σ accuracy of velocity data [m/s] 
Travel distance to LEO [m] 
C&DH 
Store a large amount of data 
Data stored per trip [Gbyte] 
Percent of memory capacity used 
per trip [%] 
Provide adequate computational 
power and speed for all UCS 
processes, autonomous navigation, 
and fault detection 
Throughput [million SLOC] 
Random access memory [Mbyte] 
Processor clock cycles per second 
[Hz] 
Communication Data transfer rate [Mbps]  
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Table 1 (cont.) 
Attributes Capabilities Performance measures 
Perform uplinks and downlinks to 
and from Launch center and Space 
Station for all modes of operation 
Effective Isotropic Radiated Power 
(EIRP) [W] 
Link margin [dB] 
Signal-to-noise ratio (SNR) 
Power transmitted [W] 
Reusability of 
Structure 
Withstand maximum forces 
throughout a trip, from launch to 
berthing and back to reentry 
Maximum force [N] 
Maximum stress [N/m2] 
Maintain reusability of main 
components after reentry to Earth 
Miner’s cycle loading 




Return main components safely to 
Earth after a complete trip 
Mass recovered from mission [kg] 
Costs for necessary repairs [$] 
Reentry velocity [m/s] 
Safely return any cargo to be 
delivered back to Earth from the 
Space station 
Damage to cargo 
Impact velocity [m/s] 
Impact force [N] 
ADCS 
Determine the spacecraft’s attitude 
at all times 
Attitude measurement error 
[radians] 
Maintain desired attitude with 
directional stability 
Orientation (yaw, roll, and pitch) 
error [radians] 
Rotational rates [radians/s] 
Aerodynamics 
and Stability 
Control state of the UCS within the 
Earth’s atmosphere 
Angle-of-attack error [deg.] 
Rotational rates [deg./s] 
Allow for low-drag passage through 
atmosphere  
Drag coefficient (CD) 
Maximum drag force generated [N] 
Berthing 
Mechanism 
Lock safely into Space station once 
in position and remain locked for the 
duration of cargo transfer 
Locking system yield stress [N/m2] 
Inner cabin pressure [Pa] 
Radiation 
Hardening 
Withstand one trip’s worth of 
radiation exposure and maintain 
functionality 




Control thermal conditions to within 
suitable range for component 
operation 
Mission temperature range [K] 
Spacecraft temperature gradient 
[K/m] 




2.3 SYSTEM PRODUCTS, INPUTS, AND OUTPUTS 
While there are no direct products of the UCS, the service it provides enables the Space 
Cargo Transportation System (SCTS) to function and bring cargo to the desired space station. The 
explicit service provided by the UCS is the transportation of cargo from Earth (launch center) to 
Low Earth Orbit (LEO), whereat the cargo is to be handed over to space station crew upon docking.  
The primary byproduct of the UCS and SCTS as a whole is the increased interest in space missions 
and experimentation, due to increased availability of cargo transportation in space. Whether it is 
delivering high-fidelity equipment or large volumes of basic necessities to space station crew 
members, UCS encourages continued space exploration. The UCS itself has physical byproducts 
in the form of ejected propellant, any waste components and parts lost during travel, and any 
pollution due to its maintenance and handling. The UCS is also part of a movement away from 
manned spacecraft and launch vehicles since it operates autonomously, thus reducing unnecessary 
human risk factors. 
Table 2 highlights the acceptable and unacceptable inputs and outputs for the UCS. 
 
Table 2: UCS system acceptable/unacceptable inputs and outputs. 
Acceptable Inputs Unacceptable Inputs 
 Propellant 
 Cargo 
 TT&C data 
 Incompatible fuel or propellant type 
 Pilots 
 Passengers 
Acceptable Outputs Unacceptable Outputs 
 Cargo transportation to Space station 
 Return of UCS stages to Earth for 
reuse 
 Missing or damaged cargo at the 
Space station 
 Transportation of cargo anywhere 
other than the Space station 




2.4 SYSTEM ENABLERS AND LIMITERS 
The UCS stakeholders are as follows: 
 Private investors: Those who have their own motivations for supporting development 
of space may invest privately in order to facilitate said development. These investors 
expect the system to be reliable and affordable in order to ensure a healthy return on 
investment. 
 Government: Space development may be in the best interests of the government and 
its agencies. Thus, they may seek to invest in the success of the UCS. 
 Insurance companies: They are essential to absorb the risk of failure of the UCS and 
the associated potential loss of cargo, the consequence of which is incurred to the owner 
of the SCTS. 
 UCS component manufacturers: The reliability of the parts they contribute to the 
UCS are flight-tested. Thus, the stake they hold in the mission’s success is very 
significant on the grounds of their reputation and accountability. 
 Customers: Any company or agency that wants to send cargo to a space station has a 
stake in the UCS. The transportation service for which they pay is hinged on the success 
of the UCS. The customers may be NASA, and their cargo may be human life support 
systems for space expansion. The customers may also be the other companies and 
agencies who wish to aid or take part in the development of space. 
 UCS assemblers: Those who construct the spacecraft from manufactured components. 
 UCS maintenance and repair technicians: Those who ensure complete functionality 
of UCS before every departure. They also test and reassemble UCS stages after reentry. 
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 Spacecraft ground station: Those who monitor UCS from the ground are working to 
ensure mission success. 
 Cargo recipients: Space station crew members who are awaiting cargo delivery will 
most likely require its contents in order to survive or carry out their purpose. 
All control of UCS is contained in the Command and Data Handling (C&DH) subsystem. 
As the spacecraft operates autonomously, it is monitoring state while generating and distributing 
commands. In the emergency case where intervention is required, as interpreted by the ground 
station, commands are transferred via Communication subsystem (Telemetry, Tracking, and 
Command – or TT&C). C&DH monitors the state of UCS by using spacecraft health data from 
the Thermal and Power subsystems, position data from Guidance, Navigation, and Control (GNC), 
and orientation data from Attitude Determination and Control Subsystem (ADCS). Fault detection 
is implemented such that emergencies are avoided. 
The UCS system resources are as follows: 
 Power: both stored in batteries and generated once in space. 
 Propellant: for the launch vehicle and for orbital maintenance and maneuvers. 
 Funding: from investors (private and government) and customers. 
 Materials: for constructing the UCS structure. 
 Components: to be assembled into UCS and replace any missing or damaged 
components from previous trips. 
 Personnel: a team of designers, operators, technicians, and managers. 
 It should be noted that because the system is autonomous, the only operators are the mission 
control centers personnel who monitor the state of the system and communicate with it when 
necessary. 
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 The mission roles of the UCS are to: 
 Transport cargo from the surface of Earth to LEO so that it may be utilized 
accordingly by space station crew. 
 Enable the exploration of space by shipping any necessary life support 
equipment and cargo for the space station. 
The constraints limiting capabilities of the UCS system are: 
 Cargo volume/weight: The maximum amount of cargo the UCS can carry per 
trip is constrained with respect to weight and volume. Additionally, individual 
cargo pieces must fit through the spacecraft’s door. 
 Data volume: Data storage is limited to the maximum capacity of on-board 
memory. 
 Computing power: Autonomy of UCS is only as performant as the computing 
power it contains onboard. 
 Uplink/downlink times: Communication links are limited to predetermined 
data transfer windows based on UCS modes of operation. 
 Life cycle: While the UCS aims for reusability, eventual depreciation of 
materials and components is inevitable based on the system’s physical life cycle 
and stress loading from trips. 
 Cost: The cost of all components of the UCS (propellant, structures, 
mechanisms, etc.) cannot exceed the portion allotted from investments and 
revenue. 
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 Space station interface: UCS design is constrained to adhering to the space 
station’s berthing mechanism and interface. This affects size constraints as well 
as orbital maneuver accuracy requirements. 
 Customer demands: Without customers demanding cargo transport, none can 
take place. Modulating transportation costs is a possible solution. 
 Maintenance: Time used for maintaining the spacecraft may limit the revenue 
from business in the case that there is high demand for the SCTS services. 
 Time window:  Launch times must be consistent with availability of the space 
station with regards to orbital placement. 
SCTS as a whole intends to provide support to space development overall. It does so by 
bringing necessary equipment and supplies to the space station. Opportunities for the UCS arise in 
the transportation of cargo to LEO. In the case where customer demand for cargo transport is low, 
the spacecraft can accommodate for launching satellites to LEO as an added revenue. This reduces 
dependence on the space transportation market by providing alternatives in science investigation, 
military, communications, and so on. Threats to the UCS system are as follows: 
 Harsh space environment (i.e. radiation, debris, thermal conditions in space). 
 Earth’s atmosphere during departure and reentry (i.e. thermal loading due to 
friction). 
 Launch vehicle failure during lift-off. 
 Missed departure window due to delay in the transfer of cargo from the launch 
center or space station to UCS. 
 Loss of cargo in space. 
 Structural failure of spacecraft (i.e. breached hull). 
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 Malfunction of berthing mechanism. 
 Lack of funding during development, especially considering the development 
time required for SCTS. 
 The main objective of UCS is to reliably and affordably transport cargo between Earth 
(launch center) and the space station in LEO. Other objectives of the system include: 
 The UCS provides suitable launch windows with regard to customer demand 
and launch availability. 
 The UCS performs its operations without human intervention (i.e. completely 
autonomously). 
 The UCS protects the cargo and its own subsystems against radiation, space 
debris, and the harsh thermal environment of space. 
 The UCS is reusable after a complete trip to LEO and back.
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CHAPTER 3: SYSTEM ARCHITECTURE DEVELOPMENT 
 
The overview depicted in Figure 4 introduces several important concepts for the Concept 
of Operations (ConOps) of the UCS: 
 Grabbing distance: distance defined to be the distance at which the spacecraft must be 
brought to a stop relative to the space station to be grabbed by its grabbing apparatus for 
berthing operations. 
 Exit corridor: a conical volumetric area in which the UCS must remain when departing 
the space station after docked operations. 
 Deploy landing mechanism: the deployment of the designed landing mechanism that will 
allow for safe landing of the spacecraft on Earth (at some predetermined altitude, velocity, 
etc.). 
 Retrieval site: the location at which the UCS lands after atmospheric reentry, and from 
which it must be retrieved for maintenance, testing, and possible reassembly 
Figure 4 also shows the other systems of the SCTS with which the UCS: the launch center, 
the navigation and communication satellites, and the space station. Cargo loading, maintenance, 
and launch are all done from the launch center. After lift-off, communication links with both the 
launch center and space station are established via the navigation and communication satellites for 
TT&C data. Orbital maneuvers then take the UCS to the desired approach orbit for rendezvous 
with the space station. On final approach, UCS communicates with the space station to request 
authorization for approach and berthing. Once docked operations are completed after berthing, the 
UCS then undocks and commences reentry into the Earth’s atmosphere. Throughout reentry, the 
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state of the spacecraft is monitored at the launch center. Landing procedures then commence once 
the state of the reentry vehicle is suitable to do so. 
 
Figure 4: UCS operations OV-1 diagram. 
18 
3.1 CONCEPT OF OPERATIONS 
Figure 5 describes the nominal mission sequence of the UCS. This sequence is divided into 
6 different phases: 
1. Lift-off & Orbit Insertion: includes loading and pre-launch check before countdown and 
lift-off. UCS detaches stages and insert into LEO orbit. The stages employ their own 
landing protocol such that they may maintain usability after the mission for the next launch. 
By monitoring the spacecraft’s state relative to the space station, orbital maneuvers and 
attitude corrects are made to begin approach to the space station. Figure 6 shows further 
breakdown of this phase. 
2. Space Station Approach: includes requesting clearance and carefully approaching the space 
station. The spacecraft state is monitored closely in order to ensure the space station can 
use its grabbing apparatus and perform berthing. Once grabbed and berthed, the UCS cargo 
doors open. Figure 7 shows further breakdown of this phase. 
3. Docked Operations: includes unloading space-bound cargo and loading Earth-bound 
cargo. In the process, flight checks are performed and the spacecraft’s on-board resources 
are maintained. Figure 8 shows further breakdown of this phase. 
4. Space Station Departure: once the UCS has departed and is a safe distance away, it begins 
its maneuvers for atmospheric reentry. Figure 9 shows further breakdown of this phase. 
5. Reentry & Landing: the state of the spacecraft is monitored and corrected throughout 
reentry. Once suitable conditions are attained the spacecraft deploys its landing system and 
lands. Figure 10 shows further breakdown of this phase. 
6. Retrieval, Maintenance, and Assembly: by transmitting its landing location, the landed 
UCS is recovered and returned for post-flight checks and maintenance. Any functional 
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components are reused and reassembled with new components and the retrieved spacecraft 
stages from lift-off. UCS is then prepared for its next launch. Figure 11 shows further 
breakdown of this phase. 
Each mission sequence starts at the end of the Retrieval, Maintenance, and Assembly of the 





Figure 5: ConOps – UCS Mission Sequence 
Figure 6: ConOps – Lift-off & Orbit Insertion 







Figure 8: ConOps – Docked Operations 
Figure 9: ConOps – Space Station Departure 






Figure 11: ConOps – Retrieval, Maintenance, and Assembly 
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3.2 FUNCTIONAL BREAKDOWN 
 
 
Figure 12: Functional breakdown of the UCS. 
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3.3 FUNCTIONS DESCRIPTION 
Per the UCS functional breakdown shown in Figure 12, the following sections (3.3.1 
through 3.3.6) tabulate functions descriptions of each level-3 process. These operations are 
designed for the cargo transportation mission of the system, and they happen in sequence according 
to their function numbers. See Figure 12 for each function’s placement in a full functional 
breakdown. 
 
3.3.1 Lift-off & Perform Orbit Insertion (Function 2.1) 
 
Table 3: Functions Description – 2.1.1 Launch from Space Station 
Function # Function 
2.1.1.1 Load and secure cargo on-board UCS 
2.1.1.2 Establish communication links with Launch center and Space station 
2.1.1.3 Perform pre-launch subsystems check and countdown 
2.1.1.4 Produce thrust to reach and maintain escape velocity 
2.1.1.5 Maintain stability of spacecraft throughout departure form Earth’s atmosphere 
2.1.1.6 Detach launch vehicle stages 
 
Table 4: Functions Description – 2.1.2 Insert into LEO Orbit 
Function # Function 
2.1.2.1 Achieve and maintain orbital velocity for LEO orbit 
2.1.2.2 Deploy deployable subsystems 
2.1.2.3 Check UCS subsystems 
2.1.2.4 Check communication links 
2.1.2.5 Perform attitude corrections 
 
Table 5: Functions Description – 2.1.3 Perform Orbit Maneuvers 
Function # Function 
2.1.3.1 Determine relative orbit and location of Space station 
2.1.3.2 Determine orbit maneuvers and their timing to achieve approach orbit 
2.1.3.3 Perform orbit maneuvers 




3.3.2 Approach the Space Station (Function 2.2) 
 
Table 6: Functions Description – 2.2.1 Commence Approach Maneuvers 
Function # Function 
2.2.1.1 Detect when in range to commence approach 
2.2.1.2 Perform pre-approach subsystem check 
2.2.1.3 Request permission to begin approach to Space station 
2.2.1.4 Regulate spacecraft velocity for approach 
 
Table 7: Functions Description – 2.2.2 Perform Berthing and Docking with Space Station 
Function # Function 
2.2.2.1 Detect when in range to commence berthing and docking 
2.2.2.2 Assume appropriate state for Space station grabbing apparatus 
2.2.2.3 Retract deployable components 
2.2.2.4 Request permission to begin berthing and docking 
2.2.2.5 Receive grabbing apparatus and berth to space station 
2.2.2.6 Perform post-berthing system check 
2.2.2.7 Open cargo doors for transfer 
 
 
3.3.3 Performed Docked Operations (Function 2.3) 
 
Table 8: Functions Description – 2.3.1 Unload Cargo from UCS to Space Station 
Function # Function 
2.3.1.1 Receive clearance to unload cargo from UCS 
2.3.1.2 Transfer cargo to Space station 
2.3.1.3 Perform cargo check 
 
Table 9: Functions Description – 2.3.2 Perform Post-Flight Check and Maintenance 
Function # Function 
2.3.2.1 Ensure sufficient power supply for return 
2.3.2.2 Ensure sufficient propellant supply for return 
2.3.2.3 Check subsystems for potential failures and damage 
2.3.2.4 Perform maintenance and repairs where necessary 
25 
 
Table 10: Functions Description – 2.3.3 Load Cargo from Space Station onto UCS 
Function # Function 
2.3.3.1 Receive clearance to load cargo from Space station 
2.3.3.2 Transfer cargo to UCS and ensure security 
2.3.3.3 Perform cargo check 
 
Table 11: Functions Description – 2.3.4 Perform Pre-Departure Preparations 
Function # Function 
2.3.4.1 Perform pre-departure spacecraft check 
2.3.4.2 Close cargo doors 
2.3.4.3 Establish communications links with Launch center and Space station 
2.3.4.4 Disconnect electrical interfaces 
 
 
3.3.4 Depart from Space Station (Function 2.4) 
 
Table 12: Functions Description – 2.4.1 Undock from Space Station 
Function # Function 
2.4.1.1 Request clearance to detach from Space station’s berthing mechanism 
2.4.1.2 Undock from Space station and depart via exit corridor 
2.4.1.3 Monitor spacecraft state as it departs 
 
Table 13: Functions Description – 2.4.2 Perform Departure Maneuvers to Follow Return 
Trajectory 
Function # Function 
2.4.2.1 Request clearance from space station to perform orbital maneuvers 
2.4.2.2 Request clearance from spaceport for atmospheric reentry 
2.4.2.3 Perform attitude correction for reentry orientation 
2.4.2.4 Perform orbital maneuvers for return trajectory 





3.3.5 Reenter Earth’s Atmosphere and Land (Function 2.5) 
 
Table 14: Functions Description – 2.5.1 Perform Atmospheric Reentry 
Function # Function 
2.5.1.1 Monitor and control spacecraft state throughout atmospheric reentry 
2.5.1.2 Maintains spacecraft flight stability 
2.5.1.3 Ensure cargo security through harsh reentry conditions 
 
Table 15: Functions Description – 2.5.2 Deploy Landing Mechanism 
Function # Function 
2.5.2.1 Receive signal to deploy landing mechanism based on spacecraft state 
2.5.2.2 Ensure conditions for landing mechanism 
2.5.2.3 Deploy landing mechanism 
 
Table 16: Functions Description – 2.5.3 Land UCS on Earth’s Surface 
Function # Function 
2.5.3.1 Monitor spacecraft state on approach 
2.5.3.2 Perform attitude corrections where necessary 
2.5.3.3 Indicate time and location of landing 
2.5.3.4 Perform remote state of health check 
2.5.3.5 Continue to transmit location 
 
 
3.3.6 Retrieve, Maintain, and Reassemble UCS Components (Function 2.6) 
 
Table 17: Functions Description – 2.6.1 Retrieve Landed Spacecraft from Site 
Function # Function 
2.6.1.1 Locate landing site of UCS and its stages 
2.6.1.2 Retrieve landed UCS and its stages 
2.6.1.3 Shut down and terminate all UCS subsystems 
2.6.1.4 Transport all retrieved components back to Launch center 
2.6.1.5 Receive clearance to unload cargo from UCS 
2.6.1.6 Unload and check cargo at Launch center 
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Table 18: Functions Description – 2.6.2 Perform Post-Flight Check on Retrieved Components 
Function # Function 
2.6.2.1 Perform initial state of health analysis of overall spacecraft 
2.6.2.2 Perform UCS subsystem checks 
2.6.2.3 Check for remaining on-board resources 
2.6.2.4 Test components for reusability 
 
Table 19: Functions Description – 2.6.3 Maintain Retrieved UCS Components 
Function # Function 
2.6.3.1 Perform maintenance to repair malfunctioning subsystems 
2.6.3.2 Request replacements for faulty components 
2.6.3.3 Receive component replacements 
 
Table 20: Functions Description – 2.6.4 Reassemble UCS and perform Pre-Flight Check for 
Next Launch 
Function # Function 
2.6.4.1 Check for all necessary components 
2.6.4.2 Perform installations 
2.6.4.3 Reassemble UCS 
2.6.4.4 Replenish on-board resources 
2.6.4.5 Perform pre-flight tests 
2.6.4.6 Standby for next request to launch 
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Figure 19: Level-2 functional timeline for UCS. 
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Figure 20: N2 diagram of function 2.1 – Lift-off & Perform Orbital Insertion (Function Descriptions in Section 3.3). 




































Figure 24: N2 diagram of function 2.5 – Reenter Earth’s Atmosphere and Land (Function Descriptions in Section 3.3). 
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3.7 PRODUCT ANALYSIS 
The UCS product breakdown shown in Figure 26 illustrates all the various subsystems aboard the spacecraft as well as their sub-
level components. 
  
Figure 26: UCS Product Breakdown 
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3.8 SYSTEM INTERFACE ANALYSIS  
Interfaces describe the relationships between different components within UCS. Internal 
interfaces describe those that occur between products and functions within the system. External 
interfaces describe those that occur across the system’s boundaries in relation to other systems of 
interest within the overall system of systems (SCTS). This information is communicated through 
the System Interface Diagram (SV-1) in Figure 27, N2 diagrams describing interfaces between 
functions in Section 3.6, a functions-to-products mapping diagram shown in Figure 28, and a 
products-to-products mapping diagram shown in Figure 29 describing the interfaces between the 
subsystems of the UCS. 
The space station and launch center provide the physical interfaces with the UCS, and all 
communications and relay of data happen via the Navigation and Communication System (NCS). 
Thus, TT&C data generated by the navigation and communication system is sent to the UCS, 
launch center, and space station. The communication system also relays clearance protocols, 
commands, attitude data, and any other mission data that must be transferred.




Figure 28: Functions-to-Products Mapping Diagram 
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Figure 29: Products-to-Products Mapping Diagram
45 
CHAPTER 4: REQUIREMENTS ANALYSIS 
 
The subsections to follow outline the system-level, system derived and allocated, and 
interface requirements for UCS (Table 21, Table 22, and Table 23, respectively). Therein, each 
requirement is analyzed for its rationale and type. Requirement types take the forms of 
“functional”, “constraint”, and “performance”. System derived and allocated as well as interface 
requirements include function (see Section 3.3), product (see Section 3.7), and sequence numbers 
pertaining to each specific requirement. 
 
4.1 SYSTEM-LEVEL REQUIREMENTS 
 
Table 21 (cont.) 
Requirement Rationale Type 
The UCS shall be able to 
perform calculations and 
process data real-time. 
To be responsive to deviations from nominal 
conditions (e.g. trajectory modification due to 
external perturbations, modifications of the 
thermal properties the subsystems and cargo 
bay…), and give autonomy to the UCS. 
Functional 
The UCS shall be able to 
sense its environment real-
time. 
To be responsive to deviations from nominal 
conditions, and give autonomy to the UCS. 
Functional 
The UCS shall be able to 
maneuver in space. 
To perform proximity maneuvers and trajectory 
control. 
Functional 
The UCS shall be able to 
communicate with the space 
stations. 
To exchange data during proximity maneuvers 
and docked operations (TT&C). 
Functional 
The UCS shall be able to 
communicate with the 
navigation & communication 
systems. 
To exchange navigation data during approach, 
departure, and reentry phases. 
Functional 
The UCS shall be able to 
interact physically with the 
Space station. 
To ensure mechanical holding of the UCS with 
the space stations, and resources transfers 
(electricity, propellant) during docked operations 
Functional 
The UCS shall be able to 
protect its cargo. 
To maintain the initial integrity state of the cargo 
stored. 
Functional 
able 21: UCS System-Level Requirements  
 
46 
Table 21 (cont.) 
Requirement Rationale Type 
The UCS shall be able to 
protect its own subsystems. 
To make the transportation services reliable. Functional 
The UCS shall be able to 
manage its electrical power. 
For self-sufficient operation of subsystems during 
flight. 
Functional 
The UCS shall be able to 
interpret and manage its 
thermal state. 
To ensure health of on-board systems and cargo. Functional 
 
 
4.2 SYSTEM DERIVED AND ALLOCATED REQUIREMENTS 
 
Table 22 (cont.) 





S2.1 The control surfaces on-
board shall be able to 
maintain flight stability 
to within (TBD) % 
It is incredibly 
important to navigate 
through the Earth’s 
atmosphere with 
control since the 
mission’s critical 
points are therein. 
Functional 
Constraint 
S2.2 The control surfaces on-
board shall be able to 
induce a minimum 
angular rate of (TBD) 
rad/sec. 
The aerodynamic 
control surfaces need 
to be affective to 
control the spacecraft 








S2.3 The navigation sensors 
shall acquire position 
and velocity data every 
(TBD) s.  
During proximity 
maneuvers, the UCS 
must be capable to 








S2.4 The C&DH shall 
compute UCS’s position 
with respect to the 
Space station with an 
accuracy of ± (TBD) m. 
The C&DH is defined 
as the mother 
computer calculating 
navigation and 
guidance data for the 
Functional 
Performance 
able 2: UCS System Derived and Allocated Requirements 
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Table 22 (cont.) 
Prod # Func # Seq # Requirement Rationale Type 
S2.5 The C&DH shall 
compute UCS’s velocity 
with respect to the 
Space station with an 
accuracy of ± (TBD) 
m/s. 
attitude actuators and 







S2.6 The thrust intensity 
control system shall 
provide the thrust 
intensity required by the 
guidance instructions 
from the C&DH with an 
accuracy of ± (TBD) N. 
The thrust has to be 
accurate to ensure 
safety during approach 






S2.7 The thrust direction 
control system shall 
provide the thrust 
direction required by the 
guidance instructions 
from the C&DH with an 







S2.8 The propellant 
management system 
shall distribute the 
propellant to the 
propulsion system with 
an accuracy of ± (TBD) 
kg. 
This system is in 
charge of storing and 
distributing the 






S2.9 The C&DH shall detect 
the entrance into 
approach range with an 
accuracy of ± (TBD) m. 
This detection phase is 
essential to start the 





S2.10  The C&DH shall detect 
the exit from the space 
station’s safety zone 
with an accuracy of ± 
(TBD) m. 
To start deploying the 
deployable systems at 
a safe distance from 






S2.11 The C&DH shall detect 
that the grabbing 
distance is reached with 
an accuracy of ± (TBD) 
m. 
This detection phase is 
essential to start the 




Table 22 (cont.) 
Prod # Func # Seq # Requirement Rationale Type 
2.3  2.1.3.2 
2.4.2.5 
S2.12 The C&DH shall be able 
to compute the flight 
plan to the target. 
The target can be 
either the closest point 
on the sphere of 
approach, the insertion 
point to the waiting 







S2.13 The ADCS sensors shall 
be able to measure the 
attitude angles with a ± 
(TBD)-degree accuracy.  
Essential to safely 





S2.14 The ADCS sensors shall 
be able to measure the 




S2.15  The ADCS actuators 
shall be able to control 
the attitude angles of the 
UCS with an accuracy 
of ± (TBD) deg. 
Functional  
Performance 
S2.16 The ADCS actuators 
shall be able to control 
the attitude rates of the 
UCS with an accuracy 





S2.17 The power distribution 
system shall be able to 
switch the power 
feeding from the internal 
power source to the 
batteries of the UCS. 
Before Space station 
Approach and 





S2.18 The mechanisms 
systems shall be able to 
deploy, orient and 
retract the deployable 
systems of the UCS in 
less than (TBD) s. 
Before the final 
approach, during 
flight, and after 




2.4 S2.19 The mechanisms 
deploying the 
deployable systems shall 
be able to track the state 
of deployment. 
The mechanisms send 
a signal to the C&DH 





Table 22 (cont.) 
Prod # Func # Seq # Requirement Rationale Type 
2.4.1 2.2.2.7 
 
S2.20 The door locking 
systems shall be able to 





S2.21  The door opening 
systems shall be able to 
open the doors of the 
cargo bay at a rate of 
(TBD) deg/s. 
 Functional  
Performance 
2.3.4.2 S2.22 The door opening 
systems shall be able to 
close the doors of the 
cargo bay at a rate of 
(TBD) deg/s. 






S2.23 The CD&H subsystem 
shall be able to record 
(TBD) Gb of data 
internally for further 
processing. 
Data memory 
capability is essential 
to be sure to process 
all data when the on-
board computers are 






S2.24 The command handling 
subsystem shall be able 
to turn UCS’s 
subsystems on and off. 






S2.25 The command handling 
subsystem shall be able 
to order the UCS to 
enter stand-by mode. 
Stand-by mode is 
entered between the 
end of maintenance 






S2.26 The propellant 
management system 
shall be able to store 







S2.27 The propellant 
management system 
shall be able to measure 
the amount of propellant 
in the tank with an 
accuracy of ± (TBD) kg. 





Table 22 (cont.) 




S2.28 The power production 
system shall be able to 
produce (TBD) Watts of 
power for both average 








S2.29 The electrical power 
storage system shall be 
able to store (TBD) 
Watts of power to 
account for average and 
peak needs. 
Power storage is 
critical if power 
cannot be produced 
for a limited amount 







S2.30 The electrical power 
distribution system shall 









S2.31 The power regulation & 
control system shall be 
able to regulate the 
power to the subsystems 
with a voltage accuracy 
of ± S (TBD) Volts, and 
a current accuracy of ± 
(TBD) Amperes. 
To avoid the 
subsystems to be 







S2.32 The cargo bay walls 
shall be (TBD) cm thick 
to protect the cargo 
against deep space 







S2.33 The structure walls shall 
be (TBD) thick to 
protect the subsystems 
against radiation and 
debris. 
Electronics will need 
to be protected against 
deep space radiation to 








S2.34 The thermal sensors 
shall measure the 
temperature with an 
accuracy of ± (TBD) 
degrees Celsius. 
The cargo bay will 
need to have a uniform 
temperature to avoid 
dilatation of the goods 




Table 22 (cont.) 
Prod # Func # Seq # Requirement Rationale Type 
S2.35 The thermal sensors 
shall measure the 
temperature gradients 
with an accuracy of ± 
(TBD) degrees 
Celsius/m. 










S2.36 The thermal actuators 
shall be able to modify 
the temperature of the 
cargo storage and 
subsystems with an 




S2.37 The thermal actuators 
shall be able to modify 
the temperature gradient 
of the cargo bay and 
subsystems with an 













S2.38 The wireless TT&C 
system shall be able to 
extract in less than 
(TBD) s the navigation 
data from the signals 
sent by the NCS. 
The signals received 
by the wireless TT&C 
system must be 
decoded before being 
sent to the C&DH 




S2.39 The wireless TT&C 
system shall be able to 
store (TBD) bits of 
navigation data before 
processing by the 
CD&H. 
If the C&DH is 
already busy because 
of other tasks, the data 
extracted by TT&C 
must be kept until 





Table 22 (cont.) 
Prod # Func # Seq # Requirement Rationale Type 
S2.40 The wireless TT&C 
system shall be able to 
prepare the navigation 
data request signals in a 
format compatible with 
NCS’s TT&C 
subsystems. 
The command signals 
from the C&DH must 
be modulated and 
coded with a 
pseudorandom code 
before transmission to 
the NCS buoys. The 
signals must be sent in 
a particular bandwidth 







S2.41 The communications 
subsystem shall 
maintain a link margin 
of at least (TBD) dB at 
all times 
This will ensure 
communications 






S2.42 Perform landing on 
Earth’s surface and 
reduce impact to cargo 
and space so as to not 
damage the cargo or the 
UCS subsystems 
The primary concern 




4.4 INTERFACE REQUIREMENTS 
 
Table 23 (cont.) 










I2.1 The wireless TT&C system 
shall be able to perform 
carrier tracking of the 
signals sent by the NCS. 
The navigation and 
communication 




sphere of approach. 
So communication 
with NCS is 
essential. 
Functional 
Table 23: UCS Interface Requirements  
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Table 23 (cont.) 
Prod # Func # Seq # Requirement Rationale Type 
I2.2 The wireless TT&C system 
shall be able to send 
navigation data request 
signals to the NCS’s 
TT&C subsystems. 
TT&C subsystems of 
the UCS, the NCS 
and the space 
stations must be able 
to communicate, and 
consequently receive 










I2.3 The wireless TT&C system 
shall be able to perform 
carrier tracking of the 
signals sent by the space 
station. 
The space station 
sends modulated 
signals to the UCS 
for navigation during 
the final approach. 
Functional 
I2.4 The wireless TT&C system 
shall be able to send data 
request signals to the space 
stations’ TT&C 
subsystems. 
TT&C subsystems of 
the UCS, the NCS 
and the space 
stations must be able 
to communicate, and 
consequently receive 









I2.5 The TT&C system shall be 
able to exchange send data 
to the space station at a rate 
of (TBD) Mbps. 
 Functional 
Performance 
I2.6 The TT&C system shall be 
able to receive data from 
the space station at a rate 











I2.7 The navigation sensors 
shall send their data to the 
C&DH at a rate of (TBD) 
Mbps. 
The C&DH has to 
process the data 
acquired by the 
navigation sensors to 
compute the UCS’s 
position and velocity 










I2.8 The ADCS sensors shall 
send their data to the 
C&DH at a rate of (TBD) 
Mbps. 
The C&DH has to 
process the data 
acquired by the 
navigation sensors to 
compute the UCS’s 






2.2.2.6 I2.9 The structures of the UCS 
shall be able to receive the 
electrical apparatus.  
The structure needs 
structural interfaces 
to welcome the 
Functional 
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Table 23 (cont.) 
Prod # Func # Seq # Requirement Rationale Type 
2.2.2.5 I2.10 The structures of the UCS 
shall be able to receive the 
grabbing apparatus.  
apparatus of the 
space stations 
2.2.2.5 I2.11 The structures of the UCS 
shall be able to receive the 
docking apparatus.  
2.2.2.6 
2.2.2.7 
I2.12 The structures of the UCS 
shall be able to welcome 
any apparatus from the 










I2.13 The electrical power 
distribution system shall 
have a nominal voltage and 
current compatible with 
space station’s power 
requirements. 
To avoid overload of 
the UCS’s systems. 
Functional 
I2.14 The electrical power 
distribution system shall be 
able to switch the 
distribution of power from 
the UCS’s internal 
batteries to the space 
station’s power system, 
and vis versa. 
To feed the UCS 
with the power 
produced by the 
space station 
Functional 
2.3.4.4 I2.15 The electrical power 
distribution system shall be 
able to switch the 
distribution of power from 
the space station’s power 
system to the UCS’s 
internal batteries. 
Essential before 
leaving the space 
station so that the 
power distribution is 
not interrupted upon 









I2.16 The doors of the cargo bay 
shall be offer a protection 
against being lost in space 
during transfer of cargo to 
and from the space stations 
When the doors are 
open, they should 
plays the role of 
walls to prevent the 
cargo from leaving 
the UCS’s enclosure. 
Functional 
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Table 23 (cont.) 










I2.17 The cargo bay shall receive 
at most (TBD) m3 of cargo. 


















I2.18 The C&DH system shall 
be able to run 
troubleshooting algorithms 
to detect any problems in 
the other subsystems. 
The UCS is 
autonomous so it 
must be able to 
detect its problems 




I2.19 The C&DH shall be able to 
perform a pre-flight check 
before departure from the 
space station. 
The C&DH must 
interact with all 
subsystems to check 
that they are all set 










I2.20 The UCS’s structure shall 
welcome the refueling 
apparatus of the space 
station. 











I2.21 The propellant 
management system shall 
be able to send data to the 
C&DH at a rate of (TBD) 
Mbps. 
To be responsive to 
send the signal of 
end of refueling to 





4.5 ADDITIONAL TECHNOLOGY REQUIREMENTS 
 Some additional technology requirements include: 
 The batteries shall be able to provide supply power for at least (TBD) hours in case of 
a major emergency. 
 The power production system shall be able to produce sufficient power in LEO to 
enable mission operation. 
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 The propulsion technology shall decrease the mass of consumed propellant 
independently with respect to typical equivalent heritage missions. 
 The UCS shall be fully autonomous 
 The UCS and its stages shall be design for reusability after each trip.
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CHAPTER 5: FUTURE WORK 
 
Future work for the established design would include trade studies, detailed risk analysis, 
and a business case study. One possible trade study for the proposed architecture could be a battery 
vs. solar panel study. This is because, by using rechargeable batteries alone, there are implications 
on weight, volume, and cost. In contrast, by using solar panels (or other sources of power), they 
will have to be used in conjunction with one another. While one provides cost advantages (batteries 
and panels), the other provides weight and volume advantages (batteries alone). A trade study 
would settle this choice. Another trade study could be a reusable shuttle vs. multiple shuttles study. 
The UCS system is designed for reusability in all its components (launch vehicle and stages). The 
benefit of doing so is reduced cost and reduced carbon footprint; however there are negative 
implication on reliability and performance. A trade study could be conducted to determine whether 
the cost benefits of reusing shuttle parts are worth the complexity and reduced performance in 
comparison with using multiple shuttles. Possible trade study formats are Analytical Hierarchy 
Procedure (AHP), Pugh Matrix, Quality Function Deployment, etc. 
Future work for the established architecture would be using Model Based Systems 
Engineering (MBSE) to implement modelling software and potentially develop simulations. 
MBSE software had proven to be extremely efficient and effective at model development, and has 
obvious benefits of model adaptability to change due to a centralized electronic system. 
Furthermore, using MBSE software allows for increased management leverage over concept 
development and detailed design phases, while allowing for better flow of knowledge due to 
improved communication. Modelling languages available for use include Unified Modeling 
Language (UML), Systems Modeling Language (SysML), and Object Process Methodology 
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(OPM).  These will not only enable use of a wide range of diagrams, such as use case diagrams, 
activity diagrams, sequence diagrams, and block definition diagrams, but they will also allow for 
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